In addition, rhodopsin has a rigid extracellular domain that also might help to reduce dark noise. Rhodopsin is one of the most stable and detergent-tolerant GPCRs known and it can be isolated from retinas in large quantities, by lectin affinity chromatography, making it an ideal candidate for structural investigations.
Electron crystallography of two-dimensional crystals of rhodopsin

Comparison of electron crystallography with X-ray crystallography
In principle NMR, X-ray crystallography or electron microscopy could be used to determine the structure of a membrane protein. However, so far no-one has been able to determine the structure of a membrane protein larger than 35 kDa by solution NMR. Only solid-state NMR has some prospect to do so in the future. In contrast, several structures of membrane proteins have been solved to near-atomic resolution with X-ray crystallography. 4.5 Similarly with electron crystallography, the structures of several important membrane proteins were solved to a similar resolution.6•7
In addition, quite a number of low-resolution structures of membrane proteins have been obtained using electron microscopy.
The main differences between electron crystallography and X-ray crystallography are a much stronger interaction of electrons with matter and the possibility of using electromagnetic lenses to obtain images.
Because of the strong interaction of electrons with matter, much smaller and thinner samples such as a large single protein complex,8 or a two-dimensional crystal consisting of a monolayer of protein molecules can be studied.
However, this strong interaction also causes damage to the specimens and, therefore, cryo techniques and low-dose strategies are essential for the imaging of beam-sensitive biological specimens. Using electron microscopy we cannot only record diffraction patterns and Eye (1998) 12, 504-510 © 1998 Royal College of Ophthalmologists measure amplitudes as with X-rays, but also record images from which we can extract phases as well as amplitudes by Fourier analysis. Furthermore, computer processing of images allows us to remove some of the disorder present in the crystal lattice. In this way we can obtain important structural information even from non ideal two-dimensional crystals.
Specimens for high-resolution electron microscopy: single particles, helical arrangements and two-dimensional crystals Why do we need a two-dimensional crystal to obtain a structure from rhodopsin by electron crystallography?
Electron microscopy in combination with single particle image processing is able to give us structures from proteins and protein complexes of more than 300 kDa since the signal obtained from a low-dose image of a large particle is strong enough to determine the orientation of the particle on a micrograph. 
Image processing
The low dose of electrons used to take electron micrographs of biological samples means that the image taken from a single molecule without averaging is noisy.
Only the average of many well-aligned images gives us structural detail. Therefore, the aim of image processing is to achieve the best possible alignment before averaging. In this way image processing can improve the signal-to-noise ratio. 11
In an image of a non-ideal two-dimensional crystal there are two major sources of distortions. One is the disorder in the crystal, which can be induced partially by the supporting carbon film and partially by the mechanical stress induced by the shrinkage during freezing. The second source of distortions is the imaging system of the electron microscope itself. With image processing both types of image distortion can be corrected for. A small reference area of the best part of the crystal is used to find distortion vectors for every part of the crystal that are then used to correct the image. In the corrected image all unit cells are more accurately aligned and therefore we can obtain an improved signal to-noise ratio for amplitudes and phases after the Fourier analysis. In this way we can extract higher-resolution data from non-ideal two-dimensional crystals.
Preparation of two-dimensional rhodopsin crystals
Crystallisation of membrane proteins
In some rare cases membrane proteins form crystals in the cell membrane. Purple membrane is an example of a natural two-dimensional crystal, whereas halorhodopsin and gap junctions form crystalline arrays in the cell when they are overexpressed to a very high level. Since the density of the membrane is increased because of the high concentration of the protein in a two-dimensional crystal, density gradients can be used to obtain a purified crystalline sample. However, most membrane proteins do not form crystals spontaneously in the membrane. In this case the membrane must be solubilised in a buffer containing detergent and the protein must be purified by chromatography or density centrifugation in the presence of detergent. Helix 5 is not so well resolved. We see helix 5 as a tilted feature (23°) sloping from the bottom of helix 4. As helix 5 ascends towards the intracellular side it appears to merge with helix 3 roughly 16 A above the middle of the lipid bilayer.
Helix 6 is oriented nearly perpendicular to the membrane plane in the cytoplasmic half of the molecule.
However, helix 6 appears bent towards helix 5 closer to the intradiscal side. This bend allows helix 6 to maintain contact with helix 5 and prevents the interior from becoming exposed to the lipid bilayer.
Helix 7 is assigned to a feature in the map oriented almost perpendicular to the plane of the membrane. It is close to helix 3 in the centre of the molecule above the probable region where the retinal is likely to be attached.
Near the intradiscal side close to the Schiff base helix 7 appears to be disorted.
Comparison of rhodopsin with bacteriorhodopsin
Bacteriorhodopsin is a light-driven proton pump found in salt-loving archaebacteria. Like rhodopsin it is a seven transmembrane helix protein. It has an all-trans retinal bound via a protonated Schiff base to the E-amino group of lysine (K261) in helix 7. There is no significant The axes are determined from the coordinates of the observed peaks on z-sections -8 A and +12 A of the rhodopsin map.
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The crystallographic b axis is horizontal in Fig. 1B , and the c axis is perpendicular to the plane of the membrane, with +c (+Z)
pointing towards the intracellular side. Since the crystallo graphiC axes are not orthogonal, coordinates are referred to orthogonal axes X and Y, where Y is parallel to b and X is perpendicular to band c. Theta is the angle between the helix and the direction of the + Z axis; Phi is the angle around the + Z axis measured from the direction of the + Z axis; a positive phi angle indicates a right-handed rotation about +Z (i.e. positive phi towards + Y, negative phi towards -Y). xo, yo are the co ordinates in angstroms, along the X, Y axes, at which the helix axis intersects section z = O. Adapted from Unger et al. (Fig. IB, section +12 A) . The arrangement opens up towards the extracellular side forming a cavity that serves as the binding pocket for the retinal. 22, 23 It is formed by helices 3, 4, 5, 6 and 7 (Fig. 1, section -8 A) .
This cavity is closed towards the intracellular side by the long and highly tilted helix 3, and must be closed The angles between helix pairs were computed to compare the 
